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ABSTRACT

Cueva La Conga is the only known painted cave in Nicaragua, in a part of that
country about which little is known archaeologically. The rock art, which includes
carved rock formations as well as paintings and handprints, may provide clues about the
past people and culture of this area. Archaeologists want to know if the paintings were
influenced by the Maya to the north, or the Caribbean cultures to the east, or were a
purely indigenous development. Determining the age of the paintings will help to
understand the possible cultural relationships between known cultures and the rock art of
Cueva La Conga. None of the rock art of Nicaragua has been dated before. To
radiocarbon date the red, yellow, and purple images, an organic binder must have been
used, and that binder has persisted to this day. If this is true, it can be extracted and dated
using accelerator mass spectrometry to determine the 14C content. We are using
thermally assisted hydrolysis/methylation-gas chromatography-mass spectrometry
(THM-GC-MS) to study the composition of the paints to determine if any binder material
remains to be dated. We will compare the compositions of the paint and unpainted
limestone to determine if a reliable date is likely to be obtained. This is the first
comprehensive study where the chemical characterization of the paint was considered in
the sampling of the rock art to be dated. We will describe the inherent difficulties of
reconciling good analyses with preservation of these irreplaceable and at-risk cultural
materials.
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CHAPTER 1
INTRODUCTION

1.1. Introduction to THM-GC-MS
Rock art refers to the human-made markings on natural stones. Generally
speaking, they are categorized into two groups. Petroglyphs are images created by
carving into a stone surface. Pictographs are pictures drawn or painted on a rock surface.
Pictographs usually consist of two parts, the pigment and the binder. Pigments give color
to the paint. They are typically inorganic materials, such as minerals, except when
charcoal is used as a black pigment. In order to make paint stick on the surface of the
wall, a painter must use some sort of binding medium. Generally, an organic material,
such as egg yolk, animal fat, blood, and plant oil, would be used to allow the paint to stay
on the surface.
Often, archaeologists want to know how old their samples are, and this is also true
for rock art. The age of the paintings will provide them one clue to help them figure out
the customs and behaviors of the aboriginal inhabitants of a specific region. Stratigraphy
cannot be applied to determine the chronology of rock paintings since they are not
discovered through excavation. If there is still organic matter present in the paint, it
should be datable using radiocarbon analysis [1]. Environmental contaminants, including
but not limited to fungi, algae and insect deposits, may be present in or on the paintings
and therefore need to be considered.
To understand the nature of the organic material – whether it comes from binder
or from some source of contamination – analysis of the materials should be undertaken
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prior to attempting to radiocarbon date them. Characterizing the organic material in
paintings is a long and complicated process since ancient paintings have been exposed to
the environment for quite a long time. Thermally-assisted hydrolysis and methylation gas
chromatography-mass spectrometry (THM-GC-MS) is a fast method to screen samples
for radiocarbon dating. It can be used for both qualitative and quantitative analysis.
This method comes from the pyrolysis method, which takes advantage of heat to
decompose macromolecules into simpler fragments. These small pieces are then studied
to deduce identity of the original molecules. Pyrolysis methods have several advantages,
such as requiring only small amounts of sample, more precision, and so on. However, its
greatest disadvantage is that high temperature yields a large number of undesired
products when analyzing proteins and lipids. A chemical reaction can be introduced
during the process to convert those small pieces to more thermally stable ones. This is
achieved by adding a derivatizing agent.
Tetramethylammonium hydroxide (TMAH) is frequently used as the derivatizing
agent in THM-GC-MS. TMAH modifies the small fragments from the process of
pyrolysis. At high temperature it allows hydrolysis of ester and ether bonds and
methylation of free and bound fatty acids [2]. It was first introduced by Robb and
Westbrook [3] as a methylating reagent for the GC analysis of carboxylic acids. Other
quaternary ammonium hydroxides can also be applied for specific situations. TMAH is
the most common derivatizing agent for converting the products from the heating process
to their methyl ester derivatives. This also allows the whole process to happen at a
relatively lower temperature than traditional pyrolysis.
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A mass spectrometer can be coupled with a pyrolysis device to identify the
compounds by their mass to charge ratios. A separation method, like gas
chromatography, can also be included prior to MS to make the data more easily
interpreted.
In THM-GC-MS, proteins are cleaved into amino acids during heating and
methylated later at either the hydroxide group or the amide group or both. Lipids are
broken down into fatty acids and further converted into fatty acid methyl esters.
Carbohydrates are turned into their monosaccharides and then methylated. Their
characteristic methyl ether and ester fragments are interpreted later.

1.2. Review of the literature
Directly dating rock paintings with radiocarbon has been used only since the early
1990s. The method is limited because of the small amount of organic material present in
the paint: conventional radiocarbon dating requires significantly larger samples than are
available, even if the entire painting were destroyed in sample collection. The
development of accelerator mass spectrometry (AMS) has made direct radiocarbon dating
on pictographs feasible. Russ et al. [4] first applied a low-temperature, low-pressure
oxygen plasma reaction to selectively oxidize organic carbon, presumed to come from a
binder, in paint samples from Texas into carbon dioxide, which was then dated with
AMS. The dates obtained from this first application of plasma-chemical oxidation
(PCO)-AMS dating were consistent with those expected based on the archaeological
record.

3

However, one limitation of the PCO-AMS method is that it will also extract any
organic carbon, including that which comes from various sources of contamination, like
soil or even fingerprints from curious tourists. The contamination, then, will yield a
radiocarbon date for the painting that is not correct. The contamination could come from
nature, such as humic acids derived from soil [5], and also from human activities.
Chaffee et al. [6] found large quantities of hydrocarbons in samples of a painting from
Utah only after the radiocarbon date for the painting came back an astonishing 32,000
years old. They hypothesized that a photographer likely applied a wetting material, such
as kerosene, to the rock painting to enhance the contrast. Since kerosene contains organic
carbon that is free from radiocarbon (because it is millions of years old), this renders the
pictograph useless for further chemical analysis or dating. To acquire trustworthy
radiocarbon dating results, three considerations are necessary. First, organic materials
must be present in the rock painting sample; this can be pigment such as charcoal or an
organic binder. Second, enough carbon must be present in the paint for radiocarbon
dating. Finally, the collected samples typically incorporate some of the substrate rock or
overlying mineral deposits; these cannot contain significant organic material if a reliable
date is to be obtained. [7]
In addition, the material that is selected for radiocarbon dating must be related to
the age of the event that one wants to place in time. Steelman et al. [8] radiocarbon dated
a black, shiny coating on the top of rock paintings in Little Lost River Cave, Idaho. They
assumed the coating had an anthropogenic origin, from cooking fires, for example. As a
consequence, the age of the coating would be a minimum age for the underlying paint.
However, a more recent study by Fezzey and Armitage [9] demonstrated that the coating
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was more likely of a geologic origin than an anthropogenic origin. The date for the
material, which implied a minimum age for the underlying paintings, was thus found to
be misleading at best.
The results from Little Lost River Cave demonstrate how important it is to
understand the nature and origin of the material being dated. One way to do that is to use
chemical analysis to characterize the lipids, carbohydrates, and proteins present in the
paintings and their surrounding or substrate rock.
Early in the 1990s, Clottes [10] reported on the analysis of binders in Paleolithic
paintings from France, which were thought to originate from animal fats. The chemical
composition of rock art samples is complicated and is usually affected by degradation
processes. The organic material in the rock painting samples may no longer strongly
resemble the original binder material, as it will have changed over time. Hedges et al.
[11] used extraction and pyrolysis-GC-MS, as well as FTIR, to determine if any binder
was present in rock paintings from Argentina. They found no evidence of binders, but
their pretreatments may have dissolved water-soluble components. It is also possible that
a binder was used and it had degraded to the point of being no longer detectable.
GC-MS was used by Spades and Russ [12] to characterize rock art samples from
the Lower Pecos Region in southern Texas by extracting lipids from the paint and
substrate rock with solvent and then converting the fatty acids to their methyl esters.
After comparing the organic composition of the overlying mineral coating with that of
the paints, they found that none of the identified organics were unique to the paints.
These results indicated that the lipids were not sufficient for reliable radiocarbon dating
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since they were present only in trace amounts. If fats were indeed used as binders in the
Pecos River rock art, they had degraded significantly over time.
How much degradation has occurred depends partially on how old the samples
are. Rampazzi et al. [13] sought to understand the technology of a Neolithic mural
painting in Italy and successfully characterized the binding media in samples from that
painting by using a GC-MS method that provided information about both lipids and
proteins simultaneously. The binder was identified as egg. The relatively high amounts of
oxalates detected in the paint indicated that the organics had significantly degraded.
Further studies using this method to characterize the binders of wall paintings in Sardinia,
Italy, did confirm Rampazzi’s earlier results, by showing similar behavior of those paints
over time [14].
Blood is another protein-based binder that could have been used by prehistoric
people. Scott et al. [15] determined the amino acid composition of the samples from a
Chumash Indian pigment cake by GC-FID. They found 13 amino acids in concentrations
that were somewhat similar to a blood standard. Further testing using immunological
methods indicated a mixture of human and animal blood. However, these immunological
tests were never intended for strongly degraded materials like those from rock paintings
and should not be considered reliable.
Combinations of analytical methods can be employed to investigate samples fully.
Vázquez et al. [16] adopted GC-MS coupled with FT-IR to study the organic components
in two black rock art samples from Alero Hornillos 2, Argentina. By characterizing
carboxylic acid methyl esters obtained from the sample extracts, they found that saturated
C16 and C18 fatty acids were prominent in the samples, indicating to the authors the
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presence of degraded animal fat. Low concentrations of some of the saturated fatty acids
were interpreted as evidence that fat from a ruminant animal, like a vicuña, had been used
as a binder. Identification of lipids was confirmed by FTIR. A significant failing of this
study is that no comparison between paint and substrate was conducted. The detected
lipids may not be indicative of a binder at all.
GC-MS provides a means to make sure the radiocarbon-dated organic compounds
are relevant to the age of the paint and to select which samples are most likely to give the
best direct radiocarbon dating results. Mori et al. [17] used GC-MS to characterize the
binder in a sample from the surface of a prehistoric pictograph at Tadrart Acacus in
southwestern Libya prior to AMS radiocarbon dating. By analyzing the amino acid
content of the organic material, they proposed that the one fraction containing egg as a
binding medium was datable, while the fraction consisting mainly of low molecular
weight peptides were probably degradation products and were probably older than the
rock painting. In this study, a large amount of material, comprising several grams, was
needed for the analysis, pretreatment, and subsequent dating. This makes the procedure
one that will not be widely applicable to other, smaller rock paintings.
Livingston et al. [18] demonstrated the potential of THM-GC-MS as a rapid method
to screen samples for radiocarbon dating. After obtaining an exceptionally old date for
paintings from Guatemala by the PCO-AMS method, further studies seemed warranted.
Characterization of both paints and substrates by THM-GC-MS showed that the paints
and substrates looked quite similar to each other. This is strongly indicative that what
few organic compounds were observed were not likely to have been related to the paint.
Instead, the dated organic material was more likely derived from soil humic acids.
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1.3. Conclusion
The binders that may have been used in rock paintings are materials that comprise
mixtures of lipids, proteins, and carbohydrates. The identification of the chemical
composition in rock art is not a new approach, as shown by this review. Rock paintings
are complex, consisting of mixtures of macromolecules that are often degraded due to
prolonged exposure to harsh environments. Pyrolysis, especially combined with GC-MS,
has great utility for materials such as paint samples. Adding derivatization and thus using
THM-GC-MS makes possible the simultaneous characterization of lipids, carbohydrates,
and proteins.
For rapidly characterizing the organic components in rock painting samples, THMGC-MS appears to draw a balance between speed and information. This method can be
used both qualitatively and quantitatively. Based on the results obtained in qualitative and
quantitative analysis, we are able to focus on specific groups of compounds to better
understand the nature of binders and therefore the reliability of radiocarbon dating of
rock paintings.

1.4. Significance of the project
This project seeks to determine the chemical composition of both the Cueva La
Conga rock painting samples and unpainted limestone (substrate) to see if a binder was
used by ancient people. If there is a binder, it will permit us to radiocarbon date the
paintings, which are a part of the first chronological study of the rock art of Nicaragua.
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1.5. Objectives
1. Use thermally-assisted hydrolysis/methylation gas chromatography-mass
spectrometry (THM-GC-MS) to conduct qualitative analysis of both the Nicaragua
rock painting samples and their corresponding substrates, when available.
2. Based on the first result, do quantitative analysis on specific compound groups.
3. Compare the compositions of the paint samples first to the substrates, to look for
significant differences, and then to known binders to see if anything can be stated
about what was or was not utilized as a binder.
4. Based on the outcomes of Objective 3, use plasma-chemical oxidation to prepare
those rock art samples that have binder present and obtain radiocarbon dates on
those binders.
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CHAPTER 2
BACKGROUND
2.1 Cueva La Conga and Nicaragua
Cueva La Conga is the first known painted cave in Nicaragua, a country with
many petroglyphs and painted rock shelters. The cave is located in the northern part of
Nicaragua, about 50 kilometers from the Honduran border (Figure 2.1). Nicaragua is not

Figure 2.1. Map showing the location of Cueva La Conga

well known archaeologically, with particularly few studies having been carried out in the
north. The location of Cueva La Conga, in an intermediate region in Central America,
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makes it particularly interesting. One of the main issues of the chronological study of the
site is to figure out whether the culture and ritual at Cueva La Conga developed
indigenously, whether it was derived from the Mesoamerican culture of the Maya, or if it
was influenced by the peoples of the Caribbean.

2.2 Site description
Cueva La Conga has two entrances, one at the north (Figure 2.2) and one at the
south. Both face to the west, but differ markedly in size. The entrances were covered
with thick plant growth as well as large boulders. Algae are commonly seen in the cave,
almost everywhere, though especially at the entrance where the light is strongest.

Figure 2.2. Photo of the large west entrance to Cueva la Conga
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There are fourteen pictographs in the main chamber of the cave.. They vary in style but
most are abstract images. Circles, dots, and sun-like images are prominent in the
chamber. There are also two upside-down images and a well-drawn image that may be a
Maya mat, symbolic of very high status. Some of the images are created in charcoal,
while most are made in red, yellow, and purple paint. The paintings, as well as the
carved stalactites throughout the cave, are evidence that the site had some kind of ritual
significance, which is common amongst Mesoamerican cultures. Paintings in the main
chamber receive some small exposure to light. Six paint hand prints are also present in
the cave, in the much darker and smaller central chamber. Generally, inside the cave it is
completely dark, requiring artificial lighting for sampling and photography. The cave is
still active, with water dripping in the rainy season, and surfaces damp even during the
dry season, as observed during the sampling trip in January 2009.
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CHAPTER 3
EXPERIMENTAL

3.1 Instrumentation and experimental parameters
The primary instrumentation used for this study was a Varian CP-3800 gas
chromatograph coupled to a Varian Saturn 2000 mass spectrometer. The experimental
parameters used are shown in Table 3.1.

Table 3.1. Experimental parameters for THM-GC-MS
Column Type
Column Dimensions
Flow Rate
GC Carrier Gas
Injector Temperature

5% phenyl PDMS
30 m long, 0.25 mm id, 0.25 mm film thickness
9.3 psi for 0.10 min, ramped to 40 psi for 1.10
min, 9.3 psi for 47 min
Helium

Injection Type

40 C for 0.10 min, 84 C at 200 C/min for 1.00
min, 300 C at 200 C/min for 10 min
Chromatoprobe Injection

Ionization

Electron Impact

Ion Range
MS Solvent Delay
Pressure
Temperature

35-650 m/z
8 min
<40 μTorr
150 C

We used a Varian Chromatoprobe (Figure 3.1) to introduce samples to the GC. The
Chromatoprobe is able to act as a miniature chemical reactor, meaning solid samples can
be introduced without extraction and prior derivatization. A micro-vial containing the
solid sample is placed into the Chromatoprobe, and the whole apparatus is then inserted
to the inlet of GC.
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Figure 3.1. Varian Chromatoprobe, used to introduce samples into the GC for analysis.

3.2 Materials
All samples were collected by Dr. Ruth Ann Armitage in January 2009, under the
guidance of Suzanne Baker, the archaeologist on the Cueva La Conga project. Dr.
Armitage used a sterile scalpel blade to scrape samples of paint and unpainted substrate
from the cave surfaces. Samples were then wrapped in clean aluminum foil and stored in
individual zip-top plastic bags. Gloves were changed after each sample was collected.
Samples were collected from various locations throughout the cave. Samples 5-8 were
collected with their unpainted limestone substrate (background) for comparison. Samples
9 and 10 are only paint samples, primarily because the paint was very thick and flaked
easily from the surface, but also because the limited time at the cave was running out by
the time they were sampled. Table 3.2 lists the samples that were part of this study.
Figure 3.2 shows before-and-after images from the sample collected from Panel 6,
which was our Sample 5. Figures 3.3 and 3.4 show the other images; Samples 6, 7, and 8
were all from the same general area in the cave. The samples range in color from yellow
to orange to red and reddish purple. Samples 9 and 10 are paint from the handprints in the
central cave chamber.
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Table 3.2. Physical descriptions of samples from Cueva La Conga, Nicaragua

Sample ID Source

Sample 5
Sample 6
Sample 7
Sample 8
Sample 9
Sample 10

Mass
analyzed
mg
Paint
Reddish-purple paint, removed intact
0.29
Substrate Limestone scraped from nearby vesicle 0.39
Paint
Orange paint with substrate
0.41
Substrate Limestone without paint
0.51
Paint
Red-purple paint
0.11
Substrate Limestone without paint
0.56
Paint
Substrate
Paint
Paint

Description

Yellow-orange paint
Limestone without paint
Red paint from handprint
Red paint from handprint (2)

0.23
0.54
0.19
0.43

Figure 3.2. Image of Cueva La Conga Panel 6, red circle (Sample 5).
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Figure 3.3. Panel 2 at Cueva La Conga, showing Samples 7 (red smear, right) and 8
(yellow-orange handprint, left).
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Figure 3.4. Other images of sampled rock art from Cueva La Conga: a) Sample 6, the
possible Maya mat; b) Sample 9; and c) Sample 10.
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Twenty amino acid standards were obtained from department stocks. Seven
monosaccharides standards – glucose, xylose, galactose, mannose, arabinose, fructose,
and ribose – were purchased as a kit from Supelco (Part #4-7267, Bellefonte, PA).
Tetramethylammonium hydroxide (TMAH), 25% in methanol, was purchased from
Sigma-Aldrich, St. Louis, MO (CAS # 75-59-2). The internal standard, tri-tbutylbenzene, was purchased from Tokyo Kasei Kogyo Co., LTD.

3.3 Sample treatment
No pretreatment was used to extract samples from their matrix. Fragments of
paint (masses are listed in Table 3.2) were weighed into the Chromatoprobe vials, which
were transferred into microcentrifuge tubes for storage until analysis. When it was time
to run the samples, we added two microliters of internal standard-derivatizing agent mix
and then placed the vials into the injection port of the GC-MS. A primary internal
standard containing approximately 5 mg (weighed exactly to 0.01 mg) of tri-tbutylbenzene was prepared in 1 mL of methanol. A total of 5 µL of this solution was
combined with 1 mL of TMAH solution to make the mixture that was added to the
samples.

3.4 Thermally assisted hydrolysis-methylation pyrolysis conditions
Thermally-assisted hydrolysis and methylation (THM) is a technique used to
convert compounds that are typically nonvolatile to volatile methyl esters or ethers for
gas chromatographic separation. The derivatizing agent used in this case was
tetramethylammonium hydroxide (TMAH), which hydrolyzes the acylglycerols into free
fatty acids and converts the carboxyl groups on those fatty acids to methyl esters at
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elevated temperatures. Proteins and polysaccharides are also hydrolyzed in the process,
yielding methylated derivatives of amino acids and monosaccharides as well.
The Chromatoprobe inlet in our study was cryogenically held at an initial
temperature of 40 C for 0.1 minutes. It was then temperature programmed to 84 C at a
rate of 200 C/min (the maxiumum heating rate for a Varian 1079 injection port) and held
for 1.00 min at 100% split to evaporate any excess methanol. After this initial drying
step, the temperature was ramped to 300 C at a rate of 200 C/min; this is the temperature
at which THM occurred. Each of the samples was run under splitless conditions. An
initial eight minute solvent delay was used at the start of each GC analysis to prevent
exposing the MS filament to excess TMAH.
At the start of each day, a blank consisting of a Chromatoprobe vial with 2 µL of
the TMAH containing internal standard was run under the described conditions. Then the
samples were run; this allowed us to correct for any contamination in the system. Each
sample was run only one time, but the residue was retained for future replicate analyses.

3.5 Qualitative analysis
Lipids were identified in all of the chromatograms, both blank and samples, using
the NIST02 database. For proteins and carbohydrates, there is no comprehensive database
ready to use, so we built up our own database by running standards. There are at least
500, and, in most cases, many more options when using the Varian software to search for
the identity of a specific peak in a chromatogram. Probability determines how likely the
peak is to be the compound matched compared to other possible matches. If the

19

probability is less than fifty percent, special attention and careful consideration need to be
paid to decide whether or not the suggested identity is reasonable.

3.6 Quantitative analysis
Quantity is proportional to peak area in GC. We can determine an approximate
mass for each identified compound by comparing the known mass and integrated peak
area for the internal standard to the integrated peak area for each compound. The
chromatogram for the daily blank was treated in the same way as the samples. For any
compounds found in both blank and samples, the mass of that compound was subtracted
out from that which was measured in each of the samples. This effectively corrected for
any contamination in the instrument. Lipids in particular were often found in the blank
and necessitated this correction. The corrected compound masses were then corrected for
the total mass of sample analyzed, yielding a mass, in nanograms, of each compound per
milligram of total sample. While these masses should not be considered absolute, they
can be used to get an idea of the relative distributions of each of the different compounds
observed in the paint and substrate samples.
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CHAPTER FOUR
RESULTS AND DISCUSSION

4.1 Qualitative results-general observations
To qualitatively compare the paint samples to their substrates, we first compared
the overall composition based on the results of the total ion chromatograms. Figures 4.1
through 4.4 show the total ion chromatograms obtained for the paints and substrates for
the first four samples from Cueva La Conga. The compounds eluting at less than 15
minutes or so are generally not diagnostic of the organic content of the paint and
substrate samples. The compounds methoxymethylbenzene and N,N-dimethylbenzenemethanamine dominate the chromatograms at approximately 12.5 and 14
minutes; these are observed in all samples and blanks when TMAH is used as a
derivatizing agent [18].
Each total ion chromatogram is dominated by saturated and unsaturated fatty
acids ranging from C8:0 to C18:0, as their methyl esters, as shown in Table 4.1. The most
common fatty acids identified were saturated C9 and C17, even-carbon chains from C10
through C18, and monounsaturated C18. Nonanedioic acid, present as the dimethyl ester,
was identified in both the paints and substrates of Samples 7 and 8. Decanedioic acid,
also as the dimethyl ester, was detected in both the paint and substrate of Sample 7. These
compounds are formed from the decomposition of C18 and C20 fatty acids, respectively.
Unsaturated fatty acids elute before saturated ones due to their having lower molecular
weights and less interaction with the stationary phase.
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Proteins are cleaved into amino acids and derived into their corresponding N- and
O-methyl esters by TMAH. Unlike fatty acid methyl esters, which can be directly
identified with existing databases, amino acid standards were run individually, and the
resulting spectra were collected into a user-defined database. Our mass spectra were
verified by comparing with those from Zang et al. [19]. Only a couple of amino acids
were found in the total ion chromatograms. Peak #3 in Figure 4.1 shows the presence of
leucine, and Peak #2 in Figure 4.3 indicates alanine.
Carbohydrates are broken into monosaccharides and further converted to methyl
ether and ester derivatives during the process. Unfortunately, the resulting compounds are
not clearly diagnostic of specific monosaccharides. Instead, multiple compounds that can
be characteristic of pentoses and hexoses are formed. The NIST02 database did not
contain these compounds. Fabbri et al. [20] showed that several compounds and their
relative ratios can be used to identify monosaccharides. To confirm that these
compounds were formed during THM-GC-MS under the conditions we used, we ran
seven monosaccharides standards (glucose, fructose, ribose, xylose, galactose, arabinose
and mannose) and found that each monosaccharide does indeed yield several peaks
making the identification of any single sugar complex. A few compounds were selected
as markers for sugars, including 2, 4-dimethoxybutanoic acid methyl ester and the
permethylated saccharinic acids. Figure 4.2 shows the methyl ester of 2,4dimethoxybenzoic acid (peak #1) present in the substrate of Sample #6.
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Table 4.1. Compound list for peaks in total ion chromatograms, Samples 5-8,
(a = paint, b = substrate)
Peak # Compound Identity
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

2,4-dimethoxybutanoic acid methyl ester
Alanine, methyl ester
Leucine methyl ester
C8:0 methyl ester
C9:0 methyl ester
C10:0 methyl ester
saccharinic acid methyl esters [20]
C12:0 methyl ester
nonanedioic acid, dimethyl ester
C13:0 methyl ester
decanedioic acid, dimethyl ester
C14:0 methyl ester
C14:0 methyl ester
C15:0 methyl ester
C15:0 methyl ester
C15:0 methyl ester
C16:0 methyl ester
C16:1 methyl ester
C16:0 methyl ester
C17:0 methyl ester
C17:0 methyl ester
C17:0 methyl ester
C17:1 methyl ester
C17:0 methyl ester
C18:0 methyl ester
C18:0 methyl ester
C18:1 methyl ester
C18:1 methyl ester
C18:0 methyl ester
C19:1 methyl ester
C19:0 methyl ester
C20:0 methyl ester

5a 5b 6a 6b 7a 7b 8a 8b
x
x
x
x
x

x
x
x
x

x
x
x
x

x
x

x
x
x

x
x
x

x
x

x
x

x
x
x
x
x

x
x
x
x
x

x
x

x
x

x

x
x
x
x

x

x

x

x

x
x

x

x

x

x

x

x

x

x

x
x
x
x

x
x

x
x

x
x

x
x
x
x

x
x

x

x

x

x

x

x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x

x
x

x
x

x

x

x

x

x

x

x
x
x
x
x

x
x
x
x
x
x

x
x
x

x
x
x

x

x

x

x
x

x
x

x
x

x
x
x
x
x

x
x
x
x
x

x
x
x
x
x

x
x
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Figure 4.1. Total ion chromatograms for Sample #5: (a) paint (b) limestone substrate.
Numbers refer to compound list in Table 4.1.

Figure 4.2. Total ion chromatograms for Sample #6: (a) paint (b) limestone substrate.
Numbers refer to compound list in Table 4.1.
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Figure 4.3. Total ion chromatograms for Sample #7: (a) paint (b) limestone substrate.
Numbers refer to compound list in Table 4.1.

Figure 4.4. Total ion chromatograms for Sample #8: (a) paint (b) limestone substrate.
Numbers refer to compound list in Table 4.1.

25

Selected ion chromatograms (SIC) were also used to look specifically for amino
acids and carbohydrates. SIC was used as a complementary method to improve the
sensitivity for those two groups of compounds. More compounds are identified by SIC
as shown in Table 4.2 and Table 4.3.
From Tables 4.1 through Table 4.3, it is obvious that a large number of organic
compounds are present in the samples. The organic compounds in each pair of paint and
substrate are overall quite consistent. This comparison is important because it indicates
that the origin of these organics is unlikely to come from some binding medium.
If the samples contain organic material that does not appear to originate from a
paint binder, the question follows: then where does it come from? The other compounds
observed in the chromatograms may provide some clues. For example, one source of the
benzoic acid observed in the Cueva La Conga samples may be soil humic and fulvic
acids. Benzoic acid has been observed as a significant thermochemolysis product of
fulvic acids [21], which are readily carried in water. Cueva La Conga is an active cave
which is generally dry, although a ceiling drip was observed by Baker during the rainy
season. This dripping water within the cave may deposit fulvic acids on the limestone
surfaces, or the fulvic acids may be derived from airborne soil particulate matter.
A great number of the fatty acids identified in our samples further support a
humic or fulvic origin for most of the organic material observed. THM-GC-MS of the
organic matter in natural waters from tropical climates has shown significant quantities of
fatty acid methyl esters, with hexadecanoic acid and octadecanoic acid methyl esters
predominating, and other monounsaturated and branched chain fatty acids also present
[22].
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The large number of long chain fatty acid methyl esters and the presence of
phenolic compounds (like benzoic acid and methoxybenzene compounds) observed in
our chromoatograms is consistent with results obtained by others using pyrolysis with
TMAH to characterize humic macromolecules. Patterns similar to the ones we have
observed were found also by Martin et al. [21] and Chefetz et al. [23] in studies of humic
acids extracted from soil. It is likely that humic acids on the limestone walls of Cueva La
Conga originate from the soils therein. Some of the cave walls were exceedingly dirty, as
the damp walls readily collect the light, easily disturbed soil. Carbohydrates found in the
samples are most likely derived from the humin, also a component of soil [21,24].
Glutamic acid, which was observed qualitatively in several of the La Conga
samples, might be indicative of proteinaceous material from algae or other biofilms.
THM-pyrolysis of a protein from algae produced amino acid derivatives, specifically
products of glutamic acid, lysine and proline [25], which were also observed in some of
our samples. Knicker et al. [25] also emphasizes the low signal intensity observed for
these amino acids prepared by THM-GC-MS. The presence of other amino acids, like
leucine, phenylalanine, and valine, is most likely attributable to a soil origin [23].
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Table 4.2. Selected ion chromatogram results for amino acids from Sample #5 to #8 (a =
paint, b = substrate). All amino acids were found as methyl ester derivatives.

Amino Acids
Alanine
Glycine
Valine
Leucine
Serine
Threonine
Proline
Aspartic acid
Methionine
Glutamic acid
Phenylalanine
Tryptophan
Tyrosine
Histidine

Characteristic
ion used, m/z 5a
44
117
100
174
116
176
84
130
132
204
148
201
178
152

5b
x

6a
x

6b

7a

x
x

x

7b
x

8a

8b

x

x

x

x

x

x

Table 4.3. Selected ion chromatogram results for monosaccharide marker compounds in
Samples #5 through #8 (a = paint, b = substrate).

2,4-Dimethoxybutanoic acid,
methyl ester
Saccharinic
acid methyl
esters [20]
1,2,3Trimethoxybenzene

Characteristic
ion(s) used,
m/z
5a
131

5b

6a

6b

7a

7b

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

8a

8b

x

101, 129

168
x

x

x
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4.2 Quantitative results
Qualitative results can tell which compounds are present in the sample and which
are not. However, as mentioned before, results obtained from qualitative analysis cannot
show all of the difference between paint and substrate samples. Quantitative analysis is
needed to gain further information and in this case was aimed at comparing the quantities
specifically of the fatty acid methyl esters observed in the paint and substrate samples.
Based on the assumption that peak area is proportional to mass, we integrated the
area of each peak and calculated the mass of each compound by using the peak area and
mass of internal standard. Then we corrected the mass by subtracting the mass of the
same compounds from the blank. The method we used cannot differentiate branched and
linear fatty acid methyl esters, and identification of these two kinds of compounds is of
little importance in the study. As a consequence, we regarded them as the “same”
compounds. All of the saturated fatty acid methyl esters of the same number of carbons
were combined to give a single mass. The masses of each compound were corrected by
dividing the mass of sample.
We used the quantitative results for the fatty acids to better compare organics in
the paint and substrate. Overall, there are few significant differences between paint and
substrate. Sample #7 is one that presents the most differences, as shown in Figure 4.7.
This may indicate that Paint 7 could be suitable for PCO-AMS radiocarbon dating.
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4.2.1 Sample #5
As shown in Figure 4.5, the paint and the substrate demonstrate few differences in
their overall fatty acid compositions. Because the samples were run only one time each,
no error bars can be included on the graph. However, it is within reason to assume that
the uncertainty in the measurements is at least as large as the differences between the
paint and substrate compositions.
Another way to compare the paint and substrate is to determine if the
compositions display any significant mathematical correlation. Using the CORREL
function in Microsoft Excel, we found that the paint from Sample #5 and its
corresponding substrate have a correlation of 0.978, very close to 1, which would indicate
a perfect correlation. This demonstrates that the paint and substrate fatty acid
compositions are quite similar. When the qualitative analysis of the amino acids and
carbohydrates are incorporated (where the presence of any amino acid or monosaccharide
marker was scored as 100 if present and 0 if absent), the correlation remains basically
unchanged at 0.979. All of this evidence shows that even though the total ion
chromatograms for the paint and substrate from Sample #5 looked somewhat different,
the overall compositions were actually quite similar. We believe this indicates that paint
#5 is not a good candidate for PCO-AMS radiocarbon dating based on the presence of a
binder. It is worth noting, however, that this paint sample contained charcoal inclusions,
likely originating from the original artists’ heat treating the pigments in a wood fire to
change their color. This charcoal has yielded a radiocarbon age of 385 ± 30 years before
present [R. Armitage, pers. comm.].
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Figure 4.5. Comparison of the fatty acid (as methyl esters) composition of Sample #5.

4.2.2 Sample #6
Figure 4.6 shows the fatty acid composition of the paint and substrate in Sample 6.
As was observed for Sample 5, there are few differences between the materials based on
these compounds. The correlation between the paint and substrate using just the fatty
acids was 0.980, and including the amino acids and carbohydrates decreased only to
0.967. All of this evidence indicates that Paint #6 is probably not a good candidate for
PCO-AMS radiocarbon dating.
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4.2.3 Sample #7
Unlike what we have seen so far, Sample 7 appears to show some significant
differences in fatty acid composition between the paint and the substrate, as shown in
Figure 4.7. Fatty acids (again as their methyl ester derivatives) are in abundance in the
paint but are quite low in concentration in the substrate. This may be indicative of the
presence of a fat-bearing binder in the paint.
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Figure 4.6. Comparison of the fatty acid (as methyl esters) composition of Sample #6.

32

To 5890

To 2145

2000.0
1800.0

Paint
Substrate

ng cpd/mg sample

1600.0
1400.0
1200.0
1000.0
800.0
600.0
400.0
200.0

:0
20

:0
C

19

:1
C

C

19

:0
C

18

:1
18

:0
C

17

:1
C

16

:0
C

C

16

:0
C

15

:0
14
C

:0

9:
0
C
di

12

:0
C

10
C

9:
0
C

C

8:
0

0.0

Figure 4.7. Comparison of the fatty acid (as methyl esters) composition of Sample #7.

Correlation between the paint and the substrate for Sample 7 for just the fatty
acids was 0.996, which is extremely strong and may lead to the opposite conclusion,
which is that the paint is not worth dating. However, when the amino acids and
carbohydrates were also taken into consideration, the correlation dropped to 0.903, still
strong, but the lowest of all the paint-substrate pairs. This might strengthen the case that
Paint 7 is datable, except that the substrate showed significant microscopic contamination
from algae or cyanobacteria. It may be worth cleaning this one with phosphate buffer
wash to get rid of the water soluble contamination from the proteins and carbohydrates in
the surface, such as humic acids, but leave most of the lipid content behind.
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4.2.4 Sample #8
The fatty acid composition of the Sample 8 paint and substrate are shown in
Figure 4.8. Again, few differences can be noted between the materials based on these
compounds. The correlation between the paint and substrate using only the fatty acids
was 0.970, and including the amino acids and carbohydrates remained relatively
unchanged at 0.973. Once again, all of this evidence indicates that Paint #8 is probably
not a good candidate for PCO-AMS radiocarbon dating.
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Figure 4.8. Comparison of the fatty acid (as methyl esters) composition of Sample #8.
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4.3 Handprint samples
Sample #9 and #10 are only paint samples, so they must be considered separately,
as no comparisons can be made directly between the paints and their adjacent unsampled
limestone substrate. These samples came from the handprints shown in Figure 3.4 (b and
c). Based on their style, they would be expected to bear some resemblance chemically to
that of the other paints sampled from Cueva La Conga.

4.3.1 Qualitative analysis of handprint samples
Based on the total ion chromatograms shown in Figure 4.9, there are clearly some
differences between these two paint samples. The chromatogram for Sample 10 is
“simpler” than the one for Sample 9, indicating there are more compounds present in
Sample 9. Table 4.4, which corresponds to Table 4.1 for the other samples, shows that
qualitatively, the fatty acid compositions of Samples 9 and 10 are quite similar to each
other. Selected ion chromatograms, searching for the characteristic ions listed in Tables
4.2 and 4.3, enabled us to identify significantly more amino acids and monosaccharide
marker compounds in Sample 9 than were found in Sample 10; this information is
summarized in Table 4.5.
Not all of the compounds in the total ion chromatograms were able to be
identified. The compound corresponding to the peak in the total ion chromatogram of
Sample 9 with a retention time of 16.9 minutes is one of example of this; it is of note here
because of its intensity, dominating the chromatogram. The same compound is also
observed in all of the other samples, though not at such a high concentration. The base
peak in the mass spectrum of this compound is at m/z 99, with other significant peaks at
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m/z 69, 127, and 189 (probably the molecular mass of the unknown compound). No
good match was obtained using the NIST02 database. A similar situation is found with
the compound eluting at 18.9 minutes in both chromatograms. The base peak for this
compound is m/z 69, and the molecular mass of the compound is likely 174. No match
was found for this compound in any of the available databases. It, too, appears in a high
amount in Sample 9, but is present at some level in all of the samples.

Figure 4.9. Total ion chromatograms for handprint paint samples: (a) Sample 9 (b)
Sample 10. Numbers refer to compound list in Table 4.1
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Table 4.4. Compound list for peaks in total ion chromatograms for samples #9 and #10
Compound Identity

9

10

1

2,4-dimethoxybutanoic acid methyl ester

x

4

C8:0 methyl ester

x

x

5

C9:0 methyl ester

x

x

6

C10:0 methyl ester

x

8

C12:0 methyl ester

x

x

9

nonanedioic acid, dimethyl ester

x

x

10

C13:0 methyl ester

x

11

decanedioic acid, dimethyl ester

x

12

C14:0 methyl ester

x

x

14

C15:0 methyl ester

x

x

15

C15:0 methyl ester

16

C15:0 methyl ester

x

x

17

C16:0 methyl ester

x

x

19

C16:0 methyl ester

x

x

20

C17:0 methyl ester

x

21

C17:0 methyl ester

x

22

C17:0 methyl ester

x

x

24

C17:0 methyl ester

x

x

27

C18:1 methyl ester

x

x

28

C18:1 methyl ester

x

x

29

C18:0 methyl ester

x

x

31

C19:0 methyl ester

x

32

C20:0 methyl ester

x

x

The qualitative results indicate that differences between these two handprints do
exist, but it is hard to judge whether these differences are important because no substrate
limestone is available for comparison. Some of the compounds present in the handprint
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samples are also detected in other samples. As a consequence, it is difficult to say
whether or not any of the organic material in Samples 9 and 10 comes from the presence
of a binding medium instead of something else like soil humics.

Table 4.5. Compounds observed using selected ion chromatograms for Samples 9 and 10.
Refer to Tables 4.2 and 4.3 for specific ions used.
Compound Identity
2,4-Dimethoxybutanoic acid, methyl ester
Saccharinic acid methyl esters [20]
1,2,3-Trimethoxybenzene
Alanine
Glycine
Valine
Leucine
Serine
Threonine
Proline
Aspartic acid
Methionine
Glutamic acid
Phenylalanine
Tryptophan
Tyrosine
Histidine

9

10

x
x
x

x
x
x

x

4.3.2 Quantitative analysis of handprint samples
More information about the composition differences between Samples 9 and 10
can be told by quantitative analysis. Here we focus on only the fatty acid composition of
these samples.
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According to the qualitative results, the fatty acid compositions of these two
handprint paints demonstrated only a few differences. Unlike the other samples, we
cannot compare the fatty acid compositions of paints and substrates. Instead, we have
compared the two paint samples to each other. Using only the fatty acids (as methyl
esters, or FAMES), there appears to be little correlation (0.53) between Samples 9 and
10. This indicates that the fatty acid compositions of these two handprints are quite
different from each other.
This is further testified to by Figure 4.10, which shows the amounts of the specific
fatty acids in each sample. A greater number of fatty acids in higher amounts are present
in Sample 9 than in Sample 10. The amount of C14:0 is about the same in both samples,
but a huge difference in C17:0 is observed. Again, whether these differences can be
utilized to figure out the age of the paints needs to be carefully considered.
Even though no background substrate samples were collected for Samples 9 and
10, we can consider the composition of these paints to that of the substrates from the
other parts of the cave to get a general idea of how they compare. Correlations are a
convenient way of making this comparison. The correlations between Samples 9 and 10
and the substrate samples 5-8 are shown in Table 4.6. It is clear that the composition of
Sample 9 is significantly different from those of the substrate samples, while that of
Sample 10 appears quite similar. We believe this means that of these two samples,
Sample 9 would be more likely to provide a reliable radiocarbon date.
As with Sample 5, Sample 9 contained charcoal inclusions. These inclusions
have been radiocarbon dated to 390 ± 30 years before present, which is statistically
indistinguishable from the date obtained for Sample 5 [R. Armitage, pers. comm.].
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Table 4.6. Correlations between handprint paint Samples 9 and 10 and other substrate
samples from Cueva La Conga.

FAMES only Total composition
9 to 5b

0.682

0.645

9 to 6b

0.599

0.571

9 to 7b

0.552

0.576

9 to 8b

0.428

0.444

10 to 5b

0.951

0.947

10 to 6b

0.918

0.892

10 to 7b

0.990

0.910

10 to 8b

0.950

0.947
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Figure 4.10 Comparison of the fatty acid (as methyl esters) composition of
Samples 9 and 10.
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4.4 Comparison with the possible known binders
4.4.1 Comparison with the animal fat standard
From the quantitative analysis, we observed a high proportion of C16:0 and C18:0
in the paint but not in substrate of Sample #7. This may indicate that something like
animal fat, now heavily degraded, might have been used as a binding medium by the
artists of Cueva La Conga. In order to test this hypothesis, we compared the fatty acid
compositions in Paint 7 with those obtained from that of an animal fat prepared as a paint
for another study in our laboratory several years ago. Based on the fatty acid
compositions of Paint 7 and animal fat (Figure 4.11), we find a 0.926 correlation, which,
while strong, cannot be considered definitive proof that animal fat was used as a binder.
Lack of correlation is more indicative of what is unrelated to the samples: we can only
say what the samples are not. It is impossible to test every possibile binder, so positive
identifications are not something that can be made definitively. Differences are more
significant than similarities. For example, the numerous different dioic acids, which were
observed in the animal fat in large quantities, were not observed in any significant
amount in Paint 7.
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Figure 4.11 Fatty acid methyl esters in paint Sample 7 and animal fat

Sometimes the relative amounts of different compounds can be informative about
determining the source of fatty acids in archaeological materials. Eerkens [26] used the
ratios between different fatty acids – specifically C12:0, C14:0, C15:0, C16:0, C17:0, C16:1, C18:1
and C18:0 – to classify food residues in pottery based on their sources using experimental
archaeology, by cooking different materials in pots and then studying the composition of
the total lipid extracts. Table 4.7 shows Eerkins’ literature values for the different
diagnostic ratios for degraded terrestrial mammal fat and fish oil; the observed ratios for
our animal fat standard and Paint 7 are shown for comparison.
The fatty acid ratios for Paint 7 were not completely consistent with animal fat,
although our animal fat standard was nearly consistent with the composition defined by
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Eerkins’ study. This is indicative that Paint 7 is not likely to contain degraded animal fat
as a binder. For comparison, the composition of Paint 7 is completely different from the
fats in fish. We can unequivocally state, then, that fish oils were not used as binders in
this paint. While it may be less satisfying to say what the composition does not
correspond to, we can only be confident in these kinds of statements.

Table 4.7. Ratios of fatty acids for distinguishing food residues [26] compared to animal
fat standard and Cueva La Conga Paint 7.

Ratio
(C15:0+C17:0)/C18:0
C16:1/C18:1
C16:0/C18:0
C12:0/C14:0

Degraded fat
from
terrestrial
mammals
<0.2
0.08–0.8
<7
<0.15

Animal
fat
standard
0.18
0.06
1.95
0.02

Paint 7
0.68
0.39
3.16
0.18

Degraded
fat from
fish
0.2–0.5
0.8–2.0
8–12
<0.15
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CHAPTER FIVE
CONCLUSION

5.1. General conclusions
The qualitative results obtained from the THM-GC-MS characterization indicate
that the Nicaraguan rock painting samples and their backgrounds were, for the most part,
generally quite similar. Fatty acids are ubiquitous in all paints and backgrounds, mainly
consisting of saturated ones from C8 to C18. Carbohydrates were identified in the paint #9
and background of #6. Amino acids are only detected in the background but not in the
paint. Based on this, quantitative analyses were conducted specifically on fatty acids and
showed that fatty acids can be found in every sample in abundance. Because there were
not any real differences between the paint and the substrate organic content in Samples 5,
6, 8, and 10, these paint samples are bad candidates for radiocarbon dating by PCO-AMS.
There may be value in further investigating Samples 7 and 9, as these samples had
compositions that were different from the rest.
Charcoal inclusions, likely originating from heat-treatment of the pigments to
change the color from yellow-brown to more red, were found in Samples 5, 9, and 10.
This charcoal most likely came from the time the paints themselves were made, and thus
meant that those samples were datable. Watchman and Cole [27] did something similar
based on plant fibers from paint brushes having been included in rock paintings in
Australia. The other paint samples that did not contain readily identifiable carbon from a
binder could not be dated reliably. This research demonstrates that it is important to
compare any paint sample to a sample of unpainted substrate before trying to date that
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particular rock painting. Otherwise we might radiocarbon date the contamination,
yielding, at best, a date with no meaning.
This work has shown that THM-GC-MS is a fast method which requires no
sample preparation other than weighing the samples into the Chromatoprobe vials. The
method is effective for gaining a general idea of the characteristic compounds in the
complex matrix. The results can be used to screen samples prior to attempting to date
them. The technique can be used for both qualitative and quantitative analysis. However,
THM-GC-MS is not a very sensitive method to all groups of compounds, with fatty acids
dominating the chromatograms because of their ubiquity in the environment.

5.2 Future work
As contamination is a significant problem in the dating of rock paintings like
those from Cueva La Conga, the effects of chemical pretreatments on removing
contaminants while preserving binders should be further investigated. To better
characterize the binders in the paints, identifying their actual origin, it will be necessary
to compare the chromatograms of paint to those of already known binders, such as blood,
milk, saliva, and so on. This may help provide insight into the origin of the binding
medium adopted by prehistoric rock artists, thereby making it possible to better
radiocarbon date these rare archaeological materials.
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